Compact neutron star binary systems are produced from binary massive stars through stellar evolution involving up to two supernova explosions. The final stages in the formation of these systems have not been directly observed. We report the discovery of iPTF 14gqr (SN 2014ft), a type Ic supernova with a fast-evolving light curve indicating an extremely low ejecta mass (≈0.2 solar masses) and low kinetic energy (≈2 × 10 50 ergs). Early photometry and spectroscopy reveal evidence of shock cooling of an extended helium-rich envelope, likely ejected in an intense pre-explosion mass-loss episode of the progenitor. Taken together, we interpret iPTF 14gqr as evidence for ultra-stripped supernovae that form neutron stars in compact binary systems.
C ore-collapse supernovae (SNe) are the violent deaths of massive stars when they run out of nuclear fuel in their cores and collapse, forming a neutron star (NS) or black hole (BH) (1) . For massive stars that have lost some or all of their outer hydrogen (H) and helium (He) envelope, the resulting collapse produces a stripped-envelope supernova (SN) (2) . The amount of material stripped from the star is a sensitive function of the initial mass of the star and its environment; if the star was born in a binary system, it also depends on the orbital properties of the system and the nature of the companion (2, 3) .
Because most massive stars are born in close binary systems (4) , stripping via binary interactions likely plays a large role in producing the observed diversity of stripped-envelope SNe (5, 6) . For the most compact companions in close orbits, the stripping of massive stars may be extensive enough to completely remove their outer layers, leaving behind a naked metal core close to the minimum mass required for the core to collapse (the Chandrasekhar mass). If massive enough, the highly stripped core eventually collapses to produce a faint and fast-evolving SN explosion that ejects a small amount of material (7, 8) .
Although it has been difficult to securely identify these explosions, such "ultra-stripped" SNe have been suggested to lead to the formation of a variety of compact NS binary systems [i.e., a NS in orbit around another NS, white dwarf (WD), or BH] (7, 9) .
Discovery and follow-up of iPTF 14gqr
iPTF 14gqr (SN 2014ft) was discovered by the intermediate Palomar Transient Factory (iPTF) (10, 11) on 14.18 October 2014 UTC (universal time coordinated) at a g-band optical magnitude of ≈20.2 mag. The source was not detected in the previous observation on 13. 32 October 2014 UTC (0.86 days before discovery), with a limiting magnitude of g ≥ 21.5 mag. The transient was found in the outskirts (at a projected offset of ≈29 kpc from the center) of a tidally interacting spiral galaxy (IV Zw 155) at redshift z = 0.063 and luminosity distance D = 284.5 megaparsecs ( Fig. 1 ). We obtained rapid ultraviolet (UV), optical, and near-infrared follow-up observations of the source, including a sequence of four spectra within 24 hours of the first detection (12) .
We also obtained multiepoch x-ray and radio observations and found that the source remained undetected at these wavelengths (12) . These upper limits rule out luminous nonthermal emission, such as that typically seen in relativistic and gamma-ray burst-associated SNe, but are not stringent enough to constrain the environment of the progenitor (figs. S11 and S12).
Our photometric follow-up indicated that the source rapidly faded within a day of detection, followed by rebrightening to a second peak on a longer time scale (rising over ≈7 days) (12) (Fig. 2 ). The early decline was detected in all optical and UV photometric bands and was characterized by a blackbody spectrum that cooled rapidly from a temperature T > 32,000 K near first detection to T1 0,000 K at 1 day after discovery (Figs. 3 and 4). Our early spectra also exhibit blackbody continua with temperatures consistent with those inferred from the photometry, superimposed with intermediate-width emission lines of He II, C III, and C IV. Such high ionization lines, which are typically associated with elevated pre-explosion mass-loss episodes in massive stars, have not been seen in early spectra of previously observed hydrogen-poor SNe. Although similar features are present in the early spectra of some hydrogen-rich corecollapse SNe (13-15) ( fig. S6 ), the relatively large widths of the lines (full width at half maxi-mum~2000 to 4000 km s −1 ) and the rapid evolution of the 4686-Å emission feature ( Fig. 3 ) are not. Spectra obtained near the second peak are dominated by emission from the expanding photosphere and exhibit relatively blue continua, with broad absorption features reminiscent of normal stripped-envelope SNe of type Ic that do not exhibit absorption lines of H or He in the spectra (16) ( fig. S7 ). We find associated absorption velocities of~10,000 km s −1 (12) . The photometric properties of the second peak are broadly consistent with a number of previously observed fast type Ic events (figs. S3 and S4), but the rapidly declining first peak and the fast rise time to the second peak are unlike previously observed events. The source quickly faded after the second peak, declining at a rate of 0.21 mag day −1 in the g band (12) . Our final spectrum taken at ≈34 days after explosion shows that the source exhibited an early transition to the nebular phase on a time scale faster than that for previously observed core-collapse SNe. The nebular phase spectrum exhibits prominent [Ca II] emission similar to several other type Ic SNe ( fig. S8 ).
Multicolor photometry at multiple epochs allow us to trace the evolution of the optical/ UV spectral energy distribution (SED), which we use to construct bolometric light curves that contain flux integrated over all wavelengths (Figs. 3 and 4) (12) . We fit the pseudobolometric light curve of iPTF 14gqr with a simple Arnett model (17) parameters. Allowing the explosion time to vary as a free parameter, we estimate an ejecta mass M ej ≈ 0.15 to 0.30 solar masses ðM ⊙ Þ, an explosion kinetic energy E K ≈ (1.0 to 1.9) × 10 50 ergs, and a synthesized Ni mass M Ni ≈0:05 M ⊙ (12) ( Fig. 4 and fig. S9 ). The inferred ejecta mass is lower than known core-collapse type Ic SNe (18) (19) (20) , which have ejecta masses in the higher range of~0.7 to 15 M ⊙ , with a mean of 2 to 3 M ⊙ over a sample of ≈20 SNe. However, the parameters of iPTF 14gqr are similar to those inferred for SN 2005ek (21) and 2010X (22), rapidly evolving type I SNe whose physical origins remain a matter of debate. The rapid decline of the first peak observed in iPTF 14gqr is reminiscent of shock-cooling emission from the outer layers of a progenitor after the core-collapse SN shock breaks out (23, 24) ( fig. S5 ). We consider alternative explanations (12) and find them to be inconsistent with the data. In particular, the observed double-peaked light curve in the redder optical bands requires the presence of an ex-tended low-mass envelope around the progenitor (24, 25) . To constrain the properties of such an envelope, we use models (25) to construct multicolor light curves for a range of masses and radii of the envelope (M e and R e , respectively). We find a best-fitting model of M e e 8 Â 10 À3 M ⊙ and R e~3 × 10 13 cm [~450 solar radii ðR ⊙ Þ] (12) ( Fig. 2 and fig. S10 ). Even though the model considered here is simplified (e.g., it ignores the density structure of the envelope), we expect the estimated parameters to be accurate within an order of magnitude (26) , leading us to conclude that the progenitor was surrounded by an extended envelope with a mass of e 0:01 M ⊙ at a radius of e 500 R ⊙ .
We use the early spectra to constrain the composition of the outer envelope. The emission lines observed in the early spectra of iPTF 14gqr can be understood as arising from recombination in the outer regions of the extended circumstellar material (CSM), which was ionized by the high-energy radiation pro-duced in the shock breakout (13, 15) ( fig. S6 ). We estimate the location and mass of the emitting He II from the luminosity of the early 4686-Å line, assuming a CSM density profile that varies with radius r as º r −2 (15) . We find the emitting region to be located at r~6 × 10 14 t −2 cm and to contain a helium mass M He e 0:01t À3 M ⊙ , where t is the optical depth of the region (12) . The absence of prominent Lorentzian scattering profiles in the lines suggests that the optical depth is small, and assuming t ≈ 1, we find r~6 × 10 14 cm (8 × 10 3 R ⊙ ) and M He e 0:01 M ⊙ . Because our calculations are based on fitting a simple two-component Gaussian profile to the 4686-Å emission line (to estimate the unknown contamination of C III at 4650 Å), these estimates are uncertain by a factor of a few (2 to 4).
Using the C IV 5801-Å lines and similar methods as above, we estimate a CSM carbon mass of~4 × 10 −3 M ⊙ , whereas the hydrogen mass is constrained to be < 10 À3 M ⊙ . Additional constraints based on light travel time arguments 3 of 6 the profiles of the C IV l5801 and the C III l5696 features, respectively, at the same epochs. (C) Scaled optical/UV SEDs of the photometry and spectra obtained within the first light curve peak (see Fig. 2 ) in magenta, along with photometry near the second peak in orange. The circles indicate observed photometric fluxes, whereas the triangle is a 5s upper limit. The dashed black lines indicate the bestfitting blackbody SEDs, including all optical/UV data points for the first peak and only the optical data points for the second peak (12). (28) and early shock-cooling emission (25) . The blue dashed line corresponds to the 56 Ni powered peak in the ultra-stripped SN models for M ej ¼ 0:2 M ⊙ , M Ni ¼ 0:05 M ⊙ , and E K = 2 × 10 50 ergs; the magenta line corresponds to the early shock-cooling emission; and the orange line represents the total luminosity from the sum of the two components. Blackbody (BB) luminosities represent the early emission, whereas pseudo-bolometric (pB) luminosities are used for the second peak (12) . (B) Comparison of the peak photospheric spectra of iPTF 14gqr [the epoch is indicated by the cyan dashed line in (A)] to that of the model in (A). The overall continuum shape, as well as absorption features of O I, Ca II, Fe II, and Mg II, are reproduced (12). also suggest that the envelope was located at r ≤ 6 × 10 15 cm from the progenitor (12) . The flashionized emission lines exhibit complex asymmetric profiles (Fig. 3 ) that we attribute to light travel time effects, given the large size of the envelope and the high inferred wind velocities (12, 27) .
An ultra-stripped progenitor
The low ejecta mass and explosion energy, as well as the presence of an extended He-rich envelope, indicate an unusual progenitor channel for iPTF 14gqr. The detection of the early shockcooling emission indicates a core-collapse origin of the explosion, whereas the bright radioactivity powered emission suggests that this explosion is associated with the class of iron core-collapse explosions. The low ejecta mass, together with the small remaining amount of He in the progenitor, rules out models of single star evolution as well as a nondegenerate massive star companion for the progenitor of iPTF 14gqr (12) , leaving only the most compact companions (such as a NS, WD, or BH) as possible explanations of the highly stripped (or ultra-stripped) progenitor.
Ultra-stripped explosions have been modeled in the case of He star-NS binaries, in which stripping of the He star by a NS in a close orbit leads to the subsequent collapse of an ultra-stripped He star (7, 8, 28) . Hence, we compare theoretical bolometric light curves for ultra-stripped explosions (28) to those of iPTF 14gqr in Fig. 5 for a model with M ej ¼ 0:2 M ⊙ , M Ni ¼ 0:05 M ⊙ , and E K = 2 × 10 50 ergs. To account for the early declining emission, we also add a component corresponding to shock cooling of an extended envelope for M e ¼ 0:01 M ⊙ and R e = 6 × 10 13 cm. The twocomponent light curve matches the light curve data. We also compare the spectroscopic properties of iPTF 14gqr to those of ultra-stripped SN models in Fig. 5 . The models (28) assumed fully mixed ejecta that led to the production of strong line blanketing features below 4000 Å, unlike this source. Thus, we recalculated the models for ejecta with no mixing (as with the light curve calculations) and were able to match to the spectra of iPTF 14gqr near the second peak ( Fig.  5 and fig. S13 ).
Our observations indicate the presence of an extended He-rich envelope around the progenitor at the time of collapse, thus providing insight into the terminal evolution of the progenitors of ultra-stripped SNe and, more broadly, the lowestmass progenitors of core-collapse SNe. By using the line widths in our early spectra, we estimate that the emitting envelope was expanding with a velocity of~1000 to 2000 km s −1 at the time of collapse, consistent with the escape velocity from a compact He star (12) . When considered with the inferred size of the envelope (at least e 500R ⊙ ), the velocities suggest that the envelope was ejected~8 to 20 days before the explosion.
The temporal coincidence of the ejection with the final SN suggests that the envelope was like-ly associated with an intense pre-SN mass-loss episode of the progenitor (12) . Despite the close stripping, ultra-stripped progenitors are expected to retain a small amount of He ð e 0:01 M ⊙ Þ in their outer layers. The prominent He and C lines in the early spectra are consistent with eruptive mass loss when considering the expected surface compositions of ultra-stripped progenitors (8) . The time scale of the ejection is similar to that expected for silicon flashes (~2 weeks before explosion) in the terminal evolution of low-mass metal cores (29) that have been suggested to lead to elevated mass-loss episodes before the explosion. Such mass-loss episodes are relevant to ultra-stripped progenitors as well (28) (29) (30) .
iPTF 14gqr exhibits a projected offset of~15 kpc from the nearest spiral arms of its star-forming host galaxy (12) , which is puzzling when compared to the expected locations of ultra-stripped SNe (8) . Although we do not find evidence of an underlying stellar association or of galaxy emission features in late-time imaging and spectroscopy, the limits are not sensitive enough to rule out the presence of a dwarf galaxy or a star-forming H II region (characterized by its H a emission) at or near the transient location (12) . Nonetheless, the tidally interacting environment of the host galaxy suggests that outlying star formation in collisional debris is likely in this system (12, 31) , which could harbor young stellar systems (with ages of~5 to 100 million years) in the faint tidal tails ( fig. S14 ). Hence, the discovery of a core-collapse SN in these outskirts is consistent with our interpretation.
Although a number of previously observed fast type Ic SNe [e.g., SN 2005ek (21) and SN 2010X (22) ] were suggested to be members of the ultrastripped SN class, it has been difficult to confirm a core-collapse origin for these explosions because these events were discovered only near maximum of the radioactively powered peak. Specifically, without early photometry and spectroscopy that can reveal the presence of a shockcooling component, these fast transients are also consistent with variants of models involving thermonuclear detonations on WDs (32) (33) (34) . The early discovery and prompt follow-up of iPTF 14gqr establish the presence of a shock-cooling emission component that requires an extended progenitor consistent with a core-collapse explosion. In the probable scenario that iPTF 14gqr formed a NS in the explosion [we find a BH remnant to be unlikely given the observed properties of the SN (12)], the low ejecta mass in the system suggests that the SN results in the formation of a bound and compact NS binary system (12) .
Implications for formation of compact NS binaries
Our interpretation of iPTF 14gqr as an ultrastripped SN has implications in the wider context of stellar evolution. Compact NS binary systems evolve from binary massive stars that undergo several phases of mass transfer over their lifetime (Fig. 6 ). The initial phases of such evolution, in which two massive stars evolve into interacting binaries consisting of a compact object in orbit around a massive star (x-ray binaries), have been 6 . Stellar evolutionary sequence leading from a binary system of massive stars (starting from the top left) to a NS-NS system. NS-BH systems are expected to arise from binaries in which the first formed compact object is a BH. NS-WD systems follow a similar evolutionary sequence starting from the HMXB (high-mass x-ray binary) stage (where the NS is replaced by the WD) but require additional mass transfer in the earlier stages (52) . The material composition of the stars is indicated by their colors: red, H-rich material; cyan/blue, He-rich material; gray, CO-rich material; green, degenerate matter (in NS). The specific phase of the evolution is indicated by the text under each diagram, with black text indicating previously observed phases, red text denoting phases that have not been previously observed, and bold red text indicating phases observed in this work. [Adapted from (9)] observed in several systems in the local Universe (35, 36) . However, the subsequent phases that lead to the formation of compact NS binary systems have not been observed. This is due to the low occurrence rates of such systems, the short lifetimes (~10 6 years) of the final stages, and observational selection effects disfavoring their detection (8, 37, 38) .
Binary evolution models suggest that the subsequent evolution proceeds via a common envelope phase, during which the loss of angular momentum via dynamical friction leads to the formation of a close He star-compact object binary (9, 39, 40) . An additional phase of close gravitational stripping by the compact companion then leads to the formation of an ultrastripped SN progenitor (9) , with properties that can be inferred from our observations of iPTF 14gqr. The measured orbital properties of known double NS systems suggest that the second NSs were created in weak and low-ejecta mass explosions that impart a small natal kick to the newborn NS (41, 42) .
The presence of the extended He-rich envelope in iPTF 14gqr, along with the lack of He in the low mass of ejecta, suggests that the progenitor was highly stripped by a compact companion, such that only a thin He layer was retained on its surface. This He layer was then ejected in an intense pre-SN mass-loss episode, as shown by the high velocity of the envelope. Taken together, these observations provide evidence of the terminal evolution of a post-common envelope He star-compact object binary leading to the formation of a compact NS binary system (Fig. 6 ).
Although wide binaries containing a NS and another compact object may be formed in noninteracting systems of binary massive stars, ultrastripped SNe have been suggested to precede the formation of almost all compact NS binary systems (8) . Thus, these explosions likely represent the only channel to forming NS-NS and NS-BH systems that are sufficiently compact to merge within the age of the Universe and produce observable merger signals for joint gravitational wave (43) and electromagnetic (44-46) observations (8, 47, 48) . Given that only a fraction of the systems produced by these explosions will merge within that time, the rates of ultra-stripped explosions must be higher than the rates of their mergers.
